Abstract. When power system operates in an insecure condition, corrective control measures should be takin in time to eliminate constrains violation. Few of current corrective control approaches take load fluctuation into consideration, which may result in invalid measures. The present paper proposes a novel corrective control approach which takes load fluctuation into consideration. Firstly, the probability distribution of state variables and sensitivity coefficient matrixes are obtained by probabilistic power flow. Then a corrective control model considering worst situation of branch power and bus voltage amplitude is proposed. Case study shows that the approach is valid and effective.
Introduction
With the rapid development of power system, the topology of the system becomes complexity and operating conditions changes frequently. Under this circumstance, contingencies such as outage of a line may result in system operates in an insecure condition, Which means there are some branches overload or the voltage of some buses out of limits. Hence, corrective control measures should be taken in time to eliminate constrains violation.
A variety of methods about corrective control have been studied, and in general, there are two kinds of approaches to solve the problem: the approaches based on optimal power flow (OPF) and the sensitive method.
The OPF approach [1] [2] considers the problem as an optimal problem. In most cases, OPF considers the nonlinearity of power flow functions, and various security constraints. Measures out from the OPF are arguably the most accurate [2] . But this approach is time-consuming and has convergence problems especially in large scale power system. It is not practical to implement in real time corrective control.
In [3] , sensitive analysis of DC load flow model was proposed to adjust the generators output, in [4] sensitive method was proposed for alleviation of line overload. Although the accuracy of sensitive method is less than the OPF approach, it possesses advantages of highly calculation speed and convergence could be ensured. Based on sensitive method, operators can make quick decisions that is so important when the system runs in an insecure condition.
Although variety of approaches have been proposed to solve the problem, these approaches pay few attentions on the load fluctuation. Actually, there is a time interval between the control measures formation to the corrective control complete, load fluctuation during the interval may result in invalid measures [5] . [5] considered the stochastic characteristic of load based on a stochastic load model but the process of solving the problem needs iteration.
The present paper proposes a novel corrective control method based on sensitivity method and probabilistic power flow. The approach takes load fluctuation into consideration, and can output measures including generator adjustment and load shedding to eliminate constrains violation. A simulation based on IEEE30 system shows the approach is valid and effective.
Probabilistic Power Flow
In the traditional formulation of the AC power flow problem. The power balance equation is split into its real and reactive components, and generator or load power are deemed to node injection power. Fluctuation of load will cause branch power and bus voltage amplitude fluctuation, and through probabilistic power flow, the probability distribution of branch power and bus voltage amplitude can be obtained [6] .
For a power system of n buses including m PV buses. The node power equations can be presented as follows:
Linearizing the load flow function at the basic operating point, we can get:
In equation (2), W is the input variable matrix including real and reactive injection power; X is the state variable matrix including node voltage amplitude and phase; Z is the output variable matrix including real and reactive power of branch. 0 S and 0 T are sensitivity coefficient matrixes of voltages and branch flows on W  . 0 S and 0 T can be obtained by:
In conventional algorithms based on the Newton-Raphson algorithm, 0 J is the last Jacobian matrix of the iteration loop. 0 G is the partial derivative of branch power with respect to node voltage amplitude and phase. It should be mentioned that 0 S and 0 T are important matrixes used in sensitivity method which will be elaborated in next section.
Assuming that W  is the fluctuation of load, we use cumulant and Gram-Charlier expansion to calculate the distribution of state variables and output variables.
The relation of origin moment and cumulant follows:
where v  is the v th order origin moment of a random variable and v  is the v th order cumulant of a random variable. As load follows Gaussian distribution, the first order cumulant of W  is the expectation of load and the second order cumulant of W  is the variance, higher order cumulant of W  is inexistence. Based on the characteristic of cumulant, each order cumulant of state variables and output variables can be obtained by equation as follows:
where
X  and T are matrixes formed by k th power of elements in 0 S and 0 T respectively. Then the probability density function (PDF) and cumulative distribution function (CDF) of X and Z can be obtained by Gram-Charlier expansion [6, 7] .
Corrective Control Approach Considering Load Fluctuation
Based on the probabilistic power flow, PDF and CDF of branch power or bus voltage amplitude can be obtained, as well as sensitivity coefficient matrixes 0 S and 0 T . These are preconditions of the corrective control approach we proposed in this section.
When power system operates in an insecure condition, only adjusting the output of generator can hardly meet the system require, we introduced load shedding as another control measure to help system back to secure condition.
As importance of load at a node is different, it is classified into three levels, and is using different cost coefficients to express the shedding cost. Level 1 means the most important load, the shedding cost is very high, level 2 means the important load, the cost is high but can be accepted, level 3 is normal load whose shedding cost is low.
The objective function of the corrective control is to minimize the corrective control cost, and it is formed as equation (6) described.
The form of equation (6) is quadratic, all of the parameters of objective function are 1
x n  vectors except the symmetric x x n n  matrix H . x is the control variable column vector. H is the quadratic coefficient of generator adjustment cost, similarly, f includes monomial coefficient of generator adjustment cost and coefficient of load shedding cost. The equality constraint of the corrective control model is described in equation (7), and the constraint is to keep power balance.
In equation (7), li P  is the load shedding value of node i which is always a non-negative number. gj P  is the adjustment value of generator j which possibly positive or negative. n is the total number of non-slack nodes, m is the total number of PV nodes. The equation did not consider transmission loss change when measures take effects, and transmission loss will be balanced by slack bus. Inequality constrains of the corrective control model are:
Equation (8) and (9) are the upper and lower bound of a generator real or reactive power output. Equation (10) is the bound of three level load shedding value at node i, ik  is the proportion of each level load at node i. In equation (11), 0 T is used to control the possible maximum real power of a branch under branch power limit max ij P . Similarly, in equation (12), 0 S is used to control a node voltage amplitude in voltage limit.
Case Study
In order to verify the effectiveness of the corrective control approach proposed above, a case study is provided in this section.
We took IEEE-30 system as test system. The system contains 30 buses of which 6 are generator buses and 41 branches. The topology of the system is illustrated in Figure 1 . Assuming that all buses load follow the Gaussian distribution and variance is 3%, the proportion of three level load are 0.2, 0.3 and 0.5, and the adjustment value of generator output will not surpass its 20% rated real power.
We took a branch outage fault to analyze the effectiveness of the approach: Branch 10-17. Table 1 . Shows the results when branch 10-17 outage. Table 2 shows the corrective control measures considering load fluctuation or not. The measures formation takes time about 0.07s. As table 2 illustrates, the adjustment value of generator is different, and when considering load fluctuation, load shedding value is increased, which means control cost is increased. Figure 2 . Shows after implement corrective control measures, the CDF of branch 12-16 real power. As figure 2 shows, if the load fluctuation is not considered, the real power of branch 12-16 still has possibility above 10MW which is overload, and by contrast, the maximum real power that branch 12-16 can obtain is 9.88, less than the limit of this branch. 
Summary
This present paper proposes a novel corrective control approach which considering load fluctuation. The approach using probabilistic power flow to obtain branch power CDF, node amplitude CDF, and sensitivity coefficient matrixes. The approach considers the worst situation of a branch power or node voltage to get. Although the control measures output from the approach is cost more, the result is determined strictly to satisfy the constraints. A case study shows that the approach is valid and effective.
